Digitonin -fractionated photosystem -I subehloroplasts were titrated potentiometrically between -450 and -610 mV at pH 10. Examination of the titrated subchloroplasts by low-temperature (13'K) electron paramagnetic resonance spectroscopy revealed resonances centered at values of 2.05, 1.94, 1.92, 1.89, and 1.86 on the g-factor scale. The peak heights depended on the potentials at which the chloroplasts were poised. The resonances of at least three iron-sulfur centers can be recognized: one with lines at g = 2.05 and 1.94; one with lines at g = 2.05, 1.92, and 1.89; and one for which only a line at g = 1.86 has been resolved. The midpoint potentials of the iron-sulfur species fall into two distinctly separate regions: the titration profile of the g = 1.94 signal, the first segment of the g = 2.05 plot, and the rise phase of the g = 1.86 signal had a value of -530 i 5 mV; the upper segment of the g = 2.05 plot, the decrease phase of the g = 1.86 signal, and the g = 1.89 profile had a midpoint potential estimated to be <-580 mV. The oxidation-reduction reaction of each of the bound iron-sulfur species, as represented by the changes of the electron paramagnetic resonance spectra, was reversible and apparently involved a two-electron change.
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Titration at pH 9 could only be carried to -560 mV, and essentially only the first half of the titration behavior as found at pH 10 was seen. At any given potential more positive than -560 mV, the part of the iron-sulfur protein that was not reduced electrochemically could be reduced photochemically, but only to the maximum extent reduced electrochemically at -560 mV. Whereas, chloroplasts illuminated at room temperature and then frozen while still being illuminated developed a signal similar to that produced by electrochemical reduction at -610 mV, illumination at 770K did not bring about photoreduction beyond that accomplished electrochemically at about -560 mV.
Dithionite alone in the dark and under anaerobic conditions brought about a partial reduction to the extent of the first electrochemical reduction step. Dithionite plus illumination at room temperature or dithionite plus methyl viologen in the dark produced the maximum signal. Electron paramagnetic resonance spectra due to either light or electrochemically reduced iron-sulfur proteins showed no detectable decay for at least 3 days when samples were stored in the dark at 77OK.
In 1971 AMalkin and Bearden (1) observed an electron paramagnetic resonance (EPR) signal characteristic of a planttyp)e ferredoxin when spinach chloroplasts were illuminated at 770K and the spectrum was recorded at 250K. Since detection of the EPR signal was independent of the presence of soluble chloroplast ferredoxin, and since reduction of ferre- These findings were subsequently confirmed by others (3) (4) (5) .
Leigh and Dutton (3) also found that chloroplasts poised at redox potentials from +350 to -250 mV were still capable of undergoing photoreactions, giving rise to the ferredoxin-type EPR spectrum. Mdore recently, Bearden and Malkin (6) reported that the stoichiometric relationship between the bound ferredoxin and P700 is unity, which lends further support to the idea that membrane-bound ferredoxin is the primary electron acceptor.
Simultaneous with these developments a light-absorbing species was characterized by Hiyama and Ke (7) that exhibited kinetic behavior expected of the primary electronacceptor of photosystem I. This assignment was mainly based on a kinetic correlation between the reduction of various artificial secondary electron acceptors and the decay of the newly found spectral species. A light-induced difference spectrum for this species showed a maximum absorption decrease at 430 nm and minor bands at 460 and 405 nm. The species was designated as "P430" (7, 8) . The difference spectrum bears some resemblance to that of soluble spinach ferredoxin, but the difference extinction was greater (7) (8) (9) . Subsequent measurements showed that the quantum efficiency for the formation of P700+ and P430-in the primary photochemical charge separation was unity for the quanta absorbed at 710 nm (8) , and the risetime for formation of both species was less than 100 nsec (9) . Redox titrations of photosystem-I particles, correlated with attenuation of light-induced absorption changes, yielded a midpoint potential of -470 mV for P430 (9) .
From these findings, which have uncovered components of the chloroplast system that could qualify as primary acceptor of photosystem I, it seemed of great interest to correlate the behavior of these components, namely, P430 and bound ferredoxin, in kinetic and redox-titration experiments. Indirect evidence for EPR spectroscopy that P430 of photosystem I is a membrane-bound iron-sulfur protein has recently been reported by use of a system in which P700+ accumulates (10) . We report here a redox titration with digitonin-fractionated photosystem-I subehloroplasts monitored by low-temperature (13°K) EPR spectroscopy. The redox titration was done in an anaerobic vessel fitted through an adaptor with the combination electrode, with an outlet for degassing and flushing, and an injection port with an air lock for additions, all located at the top of the vessel, and a two-way stopcock at the bottom.t The subehloroplast suspension in the vessel was thoroughly degassed before titration by five cycles of 1-min evacuation and reflushing with deoxygenated nitrogen. The titrant was delivered from a Hamilton 500-A, threaded plunger syringe (model 87001) through a 9-inch 26-gauge needle. The syringe was driven electrically in conjunction with a potentiostat which allows an automatic control of the titration process.t
Subehloroplast suspensions poised at desired potentials were transferred into quartz EPR tubes through additional threeway and two-way stopcocks connected to the two-way stopcock at the bottom of the vessel. The EPR tubes had an inner diameter of 4 or 3 mm and at the top a 7/15 standard taper joint (outer) for connecting the tube to the reaction vessel through the stopcock. To avoid contamination between transfers, the inner part of the stopcock was thoroughly cleaned, and the solution trapped in the channel of the stopcock plug was pushed back into the vessel by a slight positive pressure from the purified nitrogen before each new titration and transfer. The anaerobic conditions were considered satisfactory when this operation caused no change in the redox potential of the suspension. Before each transfer, the desired potential of the suspension was held for at least 5 min, although redox equilibrium between the electroactive species and the mediators appeared to be established very rapidly. The solution was constantly stirred with a glass-coated magnet bar, activated by a stirrer mounted on the side of the titration vessel.
All operations were done in dim room light. After transfer to the tube, the sample was stored in total darkness for 3 min before it was frozen in liquid nitrogen. Thereafter, the sample was always kept in total darkness, including manipulations during EPR measurements.
Reduction by dithionite alone or in the presence of methyl viologen was done with the aid of a sidearm apparatus described earlier (11 As shown by spectrum D in Fig. 1 , taken at -612 mV, the most negative potential obtainable at pH 10, the lines at g = 2.05, 1.94, 1.92, and 1.89 reached the maximum and that at g = 1.86 the minimum level.
The changes in the EPR spectra during the titration can be more clearly seen from plots of the heights of the various lpeaks against the redox potential (Fig. 2) . The appearance of the g = 1.94 signal followed a two-electron titration course, with a midpoint potential of -533 mV, and became practically constant near -560 mV. The g = 2.05 signal increased during the entire titration up to -610 mV, with an apparent halt at about -550 mV. The first segment had a midpoint potential of -532 mV, and represented a two-electron change. This is practically identical with that derived from the behavior of the g = 1.94 signal. The upper segment had apparently not yet reached a plateau; the midpoint potential can only be estimated to be <-580 mV. The g = 1.86 signal reached the maximum level in the middle of the titration, and then decreased. The phases of increase and decrease are nearly symmetrical and each can be ascribed to a two-electron change, with midpoint potentials at -528 and -584 mV, respectively. Fig. 2 for a redox titration at pH 9 (lower solid curves). The other conditions were as for Figs. 1 and 2, except that the inner diameter of the tubes was 3 mm. The upper curves (dashed) represent the total signal heights shown by each sample after subsequent flash illumination at770K.
1.89 signal again was consistent with a two-electron change, and the midpoint potential can only be estimated to be near -580 mY.
The titration behavior of the system appears to be reversible, as, whenever this was done, the same EPR spectra were obtained by titration of oxidized samples with dithionite or of reduced samples with ferricyanide.
Redox Titration at pH 9 of Bound Iron-Sulfur Proteins of Photosystem I. When samples were titrated at pH 9, the lowest redox potential that could be achieved was -550 mV, as dictated by the electrochemical relationship between potential and pH. If the redox reactions were independent of pH, then it would be expected that only the first half of the titration behavior as found at pH 10 would be seen at pH 9. This was indeed the case, as shown by the lower (solid) curves in Fig. 3 . The titration course of the g = 1.94 signal was almost identical with that measured at pH 10: the profile represented a two-electron change, had a midpoint potential of -532 mY, and reached a constant level between -550 and -560 mV. The g = 2.05 signal developed to slightly beyond 50% of the maximum level; the estimated midpoint potential was near -530 mV and the slope was also consistent with a two-electron change.
Up to -550 mV, the 9 = 1.86 signal rose as it did at pH 10, with a midpoint potential estimated to be -530 mV and a slope consistent with a two-electron change. The signals at g = 1.89 and 1.92 rose at a lower potential than the other signals, with no significant development of a titration profile yet at -540 mV.
Illumination of Incompletely Titrated Subchloroplast Particles. Below the maximum negative potential, only a fraction of the iron-sulfur proteins was electrochemically reduced.
Additional illumination is expected to cause photochemical charge separation and to bring the total signal to the maximum level. This was occasionally checked for samples titrated at pH 10 and more systematically checked for pH 9. The Proc. Nat. Acad. Sci. USA latter results are shown by the upper (dashed) curves in Fig. 3 , representing the total signal levels after the EPR tubes were flash-illuminated at 770K.
For the g = 1.94 signal, 80-100% of the total magnitude was brought out by flash illumination. Incomplete photochemical reaction is possible here because of insufficient light penetration, since the optical density of the suspension from the wall to the center of the tube (tube diameter 3 mm) was nearly 10. For the g = 2.05 signal, the total height was about 50% of the maximum possible. For the g = 1.86 signal, flash illumination yielded a signal at the peak level of the bell-shaped curve (see Fig. 2 ). For the g = 1.89 signal, the curve was only slightly shifted upward from the electrochemically produced signal height. From these results it is reasonable to conclude that illumination at 77°K did not bring about photoreduction of the bound iron-sulfur proteins beyond what was accomplished electrochemically at a potential of about -550 to -560 mV.
Photo-and Chemical Reduction of the Bound Iron-Sulfur Proteins of Chloroplasts. Although the EPR signals attributed to bound ferredoxin were initially observed with chloroplasts illuminated at 77°K (1), 25°K (2), or at room temperature (5), but subjected to EPR spectroscopy near liquid-helium temperature, it was not clear whether the extent of the development of the various peaks depended on the temperature at which the material was illuminated. Furthermore, reports concerning the effect of dithionite on the appearance of the ferredoxin-type signal, either in the light (1) or in the dark (5), were also at variance. We, therefore, investigated these effects.
Presumably because of insufficient light penetration (see above) at the chlorophyll concentrations used here, the magnitude of the light-induced EPR signal was always smaller than the electrochemically produced maximum signal level. We also found that the amount of signal development was temperature dependent. Whereas samples preilluminated at room temperature and then frozen while still being illuminated developed a signal similar to that produced by electrochemical reduction at -600 mV, illumination of samples at 770K only developed a signal with features seen after the first stage of electrochemical reduction at about -550 mY.
Contrary to a recent report (5) that dithionite alone produced no EPR signal of reduced ferredoxin when the sample was kept in the dark, we found that 10 mM dithionite under strictly anaerobic condition and in the dark brought about a partial reduction to the extent of the first-stage electrochemical reduction (spectrum A in Fig. 4) . Subsequent flash illumination of the frozen sample containing dithionite increased the signals further with even some appearance of the peaks at g = 1.92 and 1.89 but no sign of diminution of the 1.86 signal (spectrum B, Fig. 4 ). On the contrary, if the anaerobic sample was reduced by dithionite and illuminated before and during freezing, the maximal signal developed (spectrum C, Fig. 4 ). In this case, the signals were larger than when dithionite was absent. Another interesting point in this spectrum is the almost complete absence of a free-radical signal due to P700+. Presumably P700 was reduced by dithionite, as it is observed when P430-accumulates (12) . On the other hand, if 0.5 mM methyl viologen was present in the anaerobic sample containing 10 mM dithionite, the maximal signal developed in total darkness (spectrum D, Fig. 4 ).
Contrary to an earlier report that the EPR signal due to the light-reduced iron-sulfur protein decays with a halftime of about 8 hr (1), we found that the EPR spectra of either light or chemically reduced iron-sulfur protein showed no change in 24 or 72 hr when stored at 770K, and in some chemically reduced samples, we found no detectable change even after the samples were stored in the dark at 770K for 10 days.
DISCUSSION
Previous studies (1) (2) (3) (4) (5) , as well as the present one, have amply demonstrated that the iron-sulfur proteins in chloroplasts and subehloroplasts are firmly bound to the lamellae. The detergent-fractionated subchloroplasts used in the present work were apparently free of any detectable soluble ferredoxin, as they had no NADP-reduction activity without added soluble ferredoxin. The present work has also confirmed that the bound iron-sulfur proteins are associated with photosystem I (2). The fact that an identical EPR spectrum can be produced simply by illumination of the chloroplasts or subehloroplasts is consistent with the suggestion that these strongly reducing iron-sulfur proteins function as primary electron acceptor or reaction partners for the primary donor, P700, in photosystem I. We have further found that a photosystem-II reaction-center particle isolated from spinach (13) (14, 15) . The appearance of multiple iron-sulfur species with highly negative potentials suggests that they are energetically capable of serving as primary electron acceptor or acceptors, and that one possible physiological role is to provide for a given donor more than one electron-transport pathway on the reducing side of photosystem I, e.g., the current possibility of noncyclic and cyclic pathways. The finding based on the slope of the titration curves, namely, that two-electron changes are involved in the reduction of the individual ironsulfur species, raises additional problems of interpretation.
The midpoint potentials of the iron-sulfur species fall in two distinctly separate regions, one at -530 + 5 mV, and the other at < -580 mV. The redox potential of the iron-sulfur proteins reduced during the first stage, and presumably also the redox potential of those reduced during the second stage, are independent of pH. It is clear that either of these potentials would place these iron-sulfur proteins at the strongest reducing level known for a biological electron carrier. The chemical potential generated in photosystemn I by the absorbed photon energy, as defined by the difference between the potential of photooxidized P700+ and the highly negative potential found here for the reduced iron-sulfur proteins, would amount to 0.96-1.01 eV, respectively.
We have also demonstrated an apparent temperature dependence for the photoreduction of the iron-sulfur proteins, i.e., maximum reduction can be brought about at room temperature, whereas at 770K only a photoreduction corresponding to the first-stage electrochemical reduction can take place. These phenomena naturally pose the question whether the iron-sulfur species reduced electrochemically at potentials beyond -560 mV but not photoreduced at 770K
can be involved in the primary photochemical event.
. Although one of the original aims of the present work was to investigate the relationship of the bound iron-sulfur protein to the spectral species P430 by correlating their electrochemical behavior, this cannot yet be accomplished because of the unexpectedly low redox potentials found for the bound iron-sulfur proteins in the work reported here. With respect to the earlier spectrophotometric studies (9) , it is worthwhile noting that while EPR spectroscopy is able to directly measure the amount of reduced iron-sulfur proteins, the flash-kinetic-spectroscopic method only indirectly measures the portion of the primary electron acceptor that is not yet electrochemically reduced and thus participates in the light-induced charge-separation reaction. As pointed out (9) , under the conditions of these oxidation-reduction experiments, where a multitude of redox mediators is present in the reaction system the reduced forms of these mediators under the required anaerobic conditions could possibly serve as electron donors to the l)hotooxidized P700, and consequently cause a premature attenuation of the amplitude of the absorption changes, leading to an underestimated redox-potential value. 
